Abstract The recent increase in abundance of coralexcavating sponges is a threat to the health of coral reefs. However, the distribution and growth of these sponges are poorly documented on high latitude reefs where corals live in marginal environmental conditions. In this study, we characterize the current trends of space occupation of Cliona delitrix on high latitude reefs (26°N) in southeast Florida. C. delitrix densities were significantly higher on the deepest habitat of this reef tract (the outer reef) in response to a higher availability of coral substratum. Sponge growth rates increased with depth, and in relation to presence of tunicates and absence of macroalgae living in the sponge-coral interaction band. Conversely, coral tissue loss was similar between habitats, regardless of the fouling organisms present in the band between sponge and coral. On high latitude reefs, C. delitrix preferred massive scleractinian coral species as substratum, similar to tropical reefs, but its inclination for specific coral species varied. The outer reef sites (deepest habitat) are most vulnerable to C. delitrix colonization. Reef habitats with higher coral densities and more available dead coral may continue to suffer the greatest levels of sponge bioerosion.
Introduction
Coral-excavating sponge abundance and cover are increasing on coral reefs around the world. This is due to higher levels of nutrients and coral mortality (Holmes, 1997; Ward-Paige et al., 2005; Schönberg & Ortiz, 2008; Carballo et al., 2013) . While excess nutrients are used as food by sponges, they can be detrimental to corals (Ward-Paige et al., 2005) . Coral mortality due to bleaching, diseases, or predation increases recruitment and growth of coral-excavating sponges (Carballo et al., 2013; Chaves-Fonnegra, 2014) . Other factors controlling coral-excavating sponges' abundance and distribution include higher water temperatures, exposure to currents, severe storms, light levels, and the availability of suitable substratum (Alvarez et al., 1990; Sammarco & Risk, 1990; Schmahl, 1991; Rützler, 2002; Schönberg, 2003; López-Victoria & Zea, 2004; Chaves-Fonnegra, 2014) . Growth of excavating sponges is predominantly affected by the density and morphology of the coral skeleton, and by levels of fouling or grazing by other organisms (Schönberg, 2003; López-Victoria et al., 2006; Chaves-Fonnegra & Zea, 2011) .
Bioerosion caused by coral-excavating sponges is predicted to increase with elevated water temperature and ocean acidification (Schönberg, 2008; Wisshak et al., 2012; Duckworth & Peterson, 2013; Stubler et al., 2014; Wisshak et al., 2014; Enochs et al., 2015) . Therefore with climate change, coral-excavating sponges are becoming a threat to the health of coral reefs (Schönberg & Ortiz, 2008; Carballo et al., 2013; Duckworth & Peterson, 2013; Stubler et al., 2014; Wisshak et al., 2014) .
The clionaid species Cliona delitrix Pang, 1973 lacks photosynthetic symbionts and can excavate deeply (*10 cm) into the coral skeleton, bioeroding entire coral colonies (Pang, 1973; Chaves-Fonnegra & Zea, 2011) . C. delitrix is commonly distributed in the Caribbean and western Atlantic, and to the north reaches high latitude reefs of Florida and the Bahamas (Ward-Paige et al., 2005; Zilberberg et al., 2006; Banks et al., 2008; Gilliam, 2012; van Soest, 2013) . On tropical reefs, this species prefers to colonize massive corals and grows faster on recently dead coral with clean calices (Chiappone et al., 2007; Chaves-Fonnegra & Zea, 2011) . Monitoring efforts indicate that this species is abundant and disperses along the entire Florida Keys and northern extent of the Florida Reef Tract (Ward-Paige et al., 2005; Banks et al., 2008; Gilliam et al., 2013; Chaves-Fonnegra et al., 2015) .
Current trends of space occupation by coral-excavating sponges at higher latitudes ([25°N) are unknown, but are important to predict future changes in these reef habitats. Environmental conditions at high latitudes are marginal for coral reef development, mainly due to low aragonite saturation and low mean seasonal and annual temperatures (Kleypas et al., 1999; Perry & Larcombe, 2003) . These environmental differences affect coral biology by decreasing both coral calcification rates and metabolism, which in turn may influence coral-excavating sponge occurrence and dispersal (Buddemeier, 1997; Kleypas et al., 1999; Perry & Larcombe, 2003; Banks et al., 2008) .
Possible community shifts from coral-dominated to excavating sponge-dominated reefs appear to be linked to eutrophication and climate change (López-Victoria & Zea, 2004; Ward-Paige et al., 2005; Chaves-Fonnegra et al., 2007; Schönberg & Ortiz, 2008; Carballo et al., 2013) . Therefore, it is important to evaluate how changes in the available coral substratum affect sponges' distribution and growth. This study evaluates current trends of space occupation by C. delitrix on high latitude (26°N) coral reefs at the northern extent of the Florida Reef Tract. The specific objectives were to (1) determine if differences in coral substratum (density and cover) affect C. delitrix distribution among reef habitats, (2) evaluate C. delitrix substratum preferences in a high latitude reef environment, and (3) determine if the lateral growth rate of C. delitrix varies with depth.
Methods

Study area
This study was conducted offshore of southeast Florida in Broward County at the northern extent of the Florida Reef Tract, between 26°00.26 0 N and 26°20.80 0 N. In this region, the reef tract consists of three well-defined linear reefs that run parallel to shore: the inner (3-7 m depth), middle (6-8 m depth), and outer (15-21 m) reefs (Banks et al., 2008) . Colonized pavement habitats and nearshore hardbottom ridges are located inshore of the inner reef (Moyer et al., 2003; Banks et al., 2008; Walker et al., 2008) . These reef communities are impacted by various sources of land-based pollution including nutrient runoff, treated waste discharges, and shipping port effluent (Finkl & Charlier, 2003; Banks et al., 2008; Finkl & Makowski, 2013) .
Habitat distribution
To determine C. delitrix distribution, sampling was conducted at 21 reef monitoring sites in four habitats: nearshore ridge complex (NR), inner reef (IR), middle reef (MR), and the outer reef (OR). At each of these 21 sites, three 20 m 9 1.5 m (30 m 2 ) belt transects were used to obtain quantitative data on stony coral density and cover, and C. delitrix density. Within each transect, all stony coral colonies (C4 cm) were identified to species, colony diameter was measured, and the percentage of dead coral was estimated. Coral cover (cm 2 ) per transect was calculated as the total sum of areas for each colony. The percentage of dead coral per colony was used to calculate how much of the total coral area corresponded to dead and live cover. For each coral colony, the presence/absence of C. delitrix was noted. To avoid overestimating sponge density, multiple ramets of C. delitrix on the surface of an individual coral colony were considered to be a single sponge (Chaves-Fonnegra et al., 2007) .
Substratum preferences
Substratum preferences of C. delitrix were determined using two indices, Ivlev's Index of Electivity (Chiappone et al., 2007; Manly et al., 2007) and the occupation/availability ratio (López-Victoria & Zea, 2005) . Both have been previously used to determine C. delitrix substratum preferences in lower latitude environments (Chiappone et al., 2007; Chaves-Fonnegra & Zea, 2011 ). Ivlev's Index compares the actual pattern of stony coral colonization to the expected coral colonization pattern based on relative abundance of each coral species. All coral colonies and sponge individuals were pooled across 63 transects at 21 sites. Ivlev's index calculates an electivity value, (e), and states that:
where i represents the individual coral species, r i is the proportion of that coral species colonized by C. delitrix, and P i is the available proportion of coral species i. This index then ranks coral species from -1 to ?1, where -1 indicates a rejection of preferential C. delitrix colonization of the species, 0 indicates the species is colonized in proportion to its abundance, and ?1 indicates a C. delitrix preference for that particular coral species. The occupation/availability ratio (López-Victoria & Zea, 2005) indicates the preference that the sponge has toward a specific substratum (coral species), taking substratum cover into consideration. If the ratio is [1, the substratum is occupied in a proportion greater than its availability; if\1, it is occupied in a proportion lower than its availability; and if the value is 1, it is occupied in the same proportion of its availability. To obtain the ratio, substratum cover was obtained per transect based on the area of each coral colony (estimated from the diameter). Then the frequency of sponges in a specific substratum (each coral species) was divided by the percentage cover of that substratum in each transect.
Sponge lateral growth and coral tissue loss
To compare growth rates of C. delitrix and associated coral tissue loss across three reef habitats, a total of 41 Montastraea cavernosa Linnaeus, 1766 coral-sponge pairs (colonies with visible C. delitrix individuals) were monitored at the nearshore ridge habitat (n = 11, 6.1 m), the middle reef (n = 15, 12.2 m), and the outer reef (n = 15, 18.3 m). M. cavernosa was selected because this species was present in all habitats and a high abundance of coral colonies in interactions with the sponge was available.
Montastraea cavernosa colonies selected were \1 m in diameter, free of bleaching or disease, had [50% live tissue, and had only one visible C. delitrix ramet with a narrow dead band interface indicative of direct coral-sponge interaction. Following ChavesFonnegra & Zea (2011), steel nails were driven into the coral skeleton along the dead band between the sponge and surrounding live coral tissue, and were used as reference points for growth measurements (minimum of 2 nails per coral). Initial measurements from each nail to the nearest sponge tissue and from each nail to the nearest live coral tissue were taken for each coral-sponge pair using calipers (0.1 cm accuracy). These measurements were repeated 6 and 12 months following the initial measurements. The presence of macroalgae, turf algae, sediment, and other fouling organisms on the dead coral band around the sponge was also noted during measurements. Nails within the same coral colony served as replicates, and measurements were pooled to calculate mean sponge growth and coral tissue loss rates for each coralsponge pair.
Data analysis
Habitat distribution
Relationships between mean C. delitrix density (number of individuals m -2 ) per site and reef variables depth, stony coral density, and stony coral cover (total, live, and dead) were explored with a multiple regression analysis in R (Crawley, 2007; R Core Team, 2015) . For these analyses, the three 30 m 2 transects were pooled as one sampling area of 90 m 2 per site (total n = 21).
Cliona delitrix density, coral density, and coral cover (total, live, and dead cover) were compared independently and between three habitats using the sampling area of each transect (30 m 2 ) (NR: sites = 7, n = 21; MR: sites = 6, n = 18; OR: sites = 6, n = 18). The inner reef habitat was excluded from this analysis due to its low number of sites (2) and transects (n = 6) comparatively. One-way ANOVA or Kruskal-Wallis analyses were used for these comparisons depending on the normality and variance homogeneity of each dataset.
Substratum preferences
To evaluate if preferences for a specific coral species were related to coral cover, the Ivlev's Index of Electivity was tested for correlation with total, live, and dead coral cover using Spearman's rank correlation in R 3.2.1 as data did not fit normal distribution (Crawley, 2007; R Core Team, 2015) .
Sponge lateral growth and coral tissue loss
These data were analyzed using a nested mixed-model ANOVA, where colony was nested within reef site, and coral colony was treated as a random effect. In addition, fouling organisms on the dead band were compared between the three habitats using a v 2 test of independence in R 3.2.1 with 100,000 simulations to compute the most approximate P value.
Results
Sponge density and habitat distribution
Multiple regression analysis indicated that C. delitrix density had a strong positive relationship with total coral cover, both live and dead coral cover, and with the interaction of coral density and live coral cover (Multiple r 2 = 0.8565, Adjusted r 2 = 0.8087, F = 17.91, all P \ 0.00, Fig. 1 ). Although the multiple regression analysis showed that depth did not have a significant influence on C. delitrix density (P [ 0.05), the non-parametric comparison between reef habitats showed that C. delitrix density was significantly higher on the deepest habitat, the outer reef (KruskalWallis = 16.741, df = 2, P value \ 0.05, Dunn-test P \ 0.05). Similarly, coral density was statistically higher on the outer reef compared to the middle reef and nearshore ridge (ANOVA F = 5.61, df = 2, P value = 0.006, Tukey test \ 0.05). However, the total coral cover, live coral cover, and dead coral cover were similar between all three habitats (Kruskal-Wallis and v 2 values for each comparison = 3.9, 3.5, and 5.2, df = 2, P [ 0.05). Therefore, the trend of increasing C. delitrix density with depth is not due to site depth, but rather to the amount of available substratum (combined effect of coral density and cover), which is highest on the outer reef. Table 1 ). These preferred coral species tend to have higher densities on the outer reef (Fig. 2) . In addition, the Ivlev's index significantly correlated with total coral cover (Spearman's rank correlation S = 78, P = 0.01, q = 0.72) and dead coral cover (S = 42, P = 0.00, q = 0.85, Fig. 3 ).
Sponge lateral growth and coral tissue loss Sponge growth was slowest on the middle reef (n = 15, 0.058 ± 0.12 cm year -1
) and significantly different from the fastest sponge growth measured on the outer reef (n = 15, 0.613 ± 0.11 cm year -1 ). However, sponge growth on the nearshore ridge was similar to rates on both the middle reef and outer reef (n = 11, 0.357 ± 0.13 cm year -1 ), ANOVA [F (2,37) = 5.52, P \ 0.01, Fig. 4A ]. Corals colonized by C. delitrix in all three habitats had statistically similar tissue loss rates [ANOVA, F (2,37) = 0.71, P = 0.50], although the middle reef and outer reef showed slightly higher coral tissue loss rates (0.350 ± 0.15 and 0.347 ± 0.15 cm year -1 , respectively) than the nearshore ridge (0.098 ± 0.17).
During growth measurements, the dead coral band between the sponge and coral tissue was commonly colonized by turf algae with trapped sediment, other macroalgae, and tunicates, possibly Polyandrocarpa tumida Heller, 1878 (Fig. 5) . Clean coral calices or coral calices scraped clean by grazers (i.e., sea urchins, parrotfish) were not observed in the sponge-coral interaction band. C. delitrix lateral growth across Montastraea cavernosa varied in relation to the organisms found in the dead coral band, as significantly faster sponge growth rates occurred in presence of tunicates and turf algae with sediment, compared to other conditions that included the presence of macroalgae (ANOVA, F = 4,12, P = 0.003; Tukey \ 0.05, Fig. 4B ). However, coral tissue loss was similar across habitats regardless of the organisms found in the interaction band (ANOVA, F = 0.97, P = 0.42, Fig. 4D ). The percentage of sponge-coral interactions that included tunicates and turf algae with sediment was highest on the outer reef (v 2 = 40.261, P = 0.00), whereas more macroalgae interactions were recorded on the middle reef (Fig. 6) . Coralsponge pairs on the nearshore ridge showed interactions with turf algae and macroalgae, but interactions with tunicates were absent in this habitat (Fig. 6 ).
Discussion
We found that on high latitude reefs in the northern extent of the Florida Reef Tract, C. delitrix density and ), and specific relationship among all variables. For each row, the variable listed in that row is expressed on the y axis of each plot, and values for the other variables (in the corresponding column) are on the x axis. For example, C. delitrix density (sponge density) and its corresponding relationships with each variable (listed in the columns on the diagonal of the figure) are shown in the bottom row of panels growth were greatest at the deepest habitat, the outer reef. Sponge density increased where both coral density and coral cover were higher, while sponge growth increased with the presence of tunicates and absence of macroalgae. Coral tissue loss was similar between habitats regardless of the fouling organisms present in the sponge-coral interaction band. Substratum preferences of C. delitrix on high latitude reefs were for boulder-shaped stony corals as previously reported for this sponge on tropical reefs (Chiappone et al., 2007; Chaves-Fonnegra & Zea, 2011) , predominantly for Montastraea cavernosa and Orbicella faveolata.
Cliona delitrix densities within the high latitude reef communities of southeast Florida were lower than those at lower latitudes, including the Florida Keys, Colombia, and Venezuela (Table 2) . Sponge density was directly related to stony coral density and cover, both of which tended to increase with depth as has been suggested in the Florida Keys and Los Roques, Venezuela (Alvarez et al., 1990; Chiappone et al., 2007) . Thus, regardless of latitude, data indicate C. Acropora cervicornis (B) 121 0.0450 0 0.0000 -1.00 0.00 ± 0.00 (n = 5) 0.00 (\1)
Agaricia agaricites (E) 31 0.0115 0 0.0000 -1.00 0.00 ± 0.00 (n = 14) 0.00 (\1)
Agaricia fragilis (P) 3 0.0011 0 0.0000 -1.00 * Agaricia lamarcki (P) 4 0.0015 0 0.0000 -1.00 0.00 ± 0.00 (n = 4) 0.00 ( All species 2687 1.0000 103 1.0000
Selectivity for coral species was calculated using the Ivlev's index (Manly et al., 2007) . f a frequency of availability, f c frequency of colonization, r i proportion of stony corals colonized by C. delitrix, P i proportion of scleractinian corals available. Bold numbers indicate preference (index [ than 0). The letters in parentheses next to the species name represent their most common growth morphologies in southeast Florida; B branching, E encrusting, P plating, and M massive/boulder delitrix distribution and abundance are most strongly related to substratum availability (coral density and cover). Within the substratum types examined, the amount of dead coral available played an important role in determining C. delitrix substratum preferences (Ivlev's index) on high latitude reefs of the Florida Reef Tract. Consequently, potential differences in recent coral mortality between habitats or depths could be driving changes in the distributional patterns of C. delitrix populations. Stressors such as higher levels of nutrients and climate change can produce coral bleaching and mortality, which open new available coral substratum for the sponges to attach to (Cortés et al., 1984; Holmes, 1997; Williams et al., 1999; López-Victoria & Zea, 2004; Ward-Paige et al., 2005; Chaves-Fonnegra et al., 2007; Schönberg & Ortiz, 2008; Bell et al., 2013; Carballo et al., 2013; Mueller et al., 2014) . Thus, areas with higher coral mortality are more prone to bioerosion by excavating sponges (López-Victoria & Zea, 2004; Schönberg, 2008; Schönberg & Ortiz, 2008; Carballo et al., 2013; Wisshak et al., 2014) .
Cliona delitrix exhibited preferential colonization for massive, boulder-shaped coral species, and avoided branching or foliose species on high latitudes reefs in southeast Florida; similar to previous findings for this species and other Clionaidae across the tropical W. Atlantic (López-Victoria & Zea, 2005; Ward-Paige et al., 2005; Chiappone et al., 2007; Chaves-Fonnegra & Zea, 2011) . However, coral species preferences varied in relation to the index used in the analysis. Comparisons with a study in the Florida Keys (Chiappone et al., 2007) , also based on the Ivlev's index, suggest C. delitrix preferences at high latitude in Broward County are maintained for species such as Colpophyllia natans, Montastraea cavernosa, Orbicella faveolata, Diploria spp., and Solenastrea bournoni, but not for Porites astreoides and Siderastrea siderea. Comparisons with the San Andres Islands (Colombia) (Chaves-Fonnegra & Zea, 2011), based on the occupation/availability ratio, supported C. delitrix preferences for S. siderea in both locations, but not for M. cavernosa, O. faveolata, and P. astreoides which are only preferred at high latitude in Broward County.
We found preferences based on the Ivlev's index were related to individual species coral cover, primarily dead cover, further showing that the abundance of excavating sponges is influenced by coral mortality (i.e., Carballo et al., 2013; Chaves-Fonnegra, 2014) . The occupation/availability ratio is standardized by the cover of each substratum and estimates the preference that sponge larvae have (choice, avoidance, or inability to settle), and the subsequent survival after settlement (López-Victoria & Zea, 2005) . However, this ratio could be influenced by the specific abundance of each coral species in the studied habitat (Chaves-Fonnegra & Zea, 2011) . For better estimates of substratum preferences and comparisons between locations and over time, we suggest further studies to adjust the electivity index or ratio and include both coral density and cover (total, live and dead) in the estimation of the available substratum. On southeast Florida reefs, the mean C. delitrix growth rate was fastest at the deepest site and was influenced by a higher percentage of tunicates in the interaction band, while slower growth rates were found at shallower sites (middle reef and nearshore ridge) in response to increased macroalgae, turf algae, and sediments in the interaction band. Higher sedimentation rates in the middle reef and nearshore ridge habitats have been reported in southeast Florida (Jordan et al., 2010) and could slow C. delitrix growth by restricting sponge water filtration and pumping (Gerrodette & Flechsig, 1979; Wilkinson & Cheshire, 1988) . Although sponge growth was different between habitats, coral tissue loss was similar. This may be due to the strong defensive abilities that M. cavernosa has against other benthic organisms (Logan, 1984) , which can reduce loss of coral tissue when the sponge is also interacting with algae or tunicates. Additionally, M. cavernosa has a tendency to grow upwards and form domes when confronting neighboring sponges, changing the confrontation angle, and allowing stinging sweeper tentacles to be more effective, therefore reducing coral tissue loss and slowing sponge advance (López-Victoria et al., 2006) .
The mean rate of C. delitrix growth in southeast Florida was slower (Table 2 ) than in San Andres Island, Colombia (Chaves-Fonnegra & Zea, 2011) . This difference is probably due to the coral species studied and to the organisms colonizing the band of interaction. Previous studies showed faster sponge growth rates (*1 cm year -1 ) in interactions with O. faveolata and S. siderea in which more turf algae and urchin bites were present (Chaves-Fonnegra & Zea, 2011) . In contrast, in southeast Florida, the turf algae in the interaction band contained a higher amount of trapped sediment and macroalgae than in Colombia (pers. obs.), potentially contributing to reduced sponge growth. M. cavernosa has a higher defensive ability to combat other coral species compared to both O. faveolata and S. siderea (Logan, 1984) , therefore, it may be more effective at fighting off the sponge. The fact that M. cavernosa has a thicker tissue than other coral species (Peters, 1984) could also play a role in lower sponge growth rates; however, further research is necessary to test this hypothesis.
A pattern of higher growth rates at deeper sites has also been reported for non-excavating sponge species in the Florida Keys, the Bahamas, and Belize (Lesser, 2006) , and is attributed to a higher abundance of food in the form of heterotrophic bacteria, prochlorophytes, and picoplankton at depth (Leichter et al., 1998; Lesser, 2006; Trussell et al., 2006) . At higher latitudes in southeast Florida, it is possible that the outer reef experiences higher levels of nutrients due to the depth of the local inlets, location of outfall sewage pipes, and 
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Los Roques, Venezuela *0.33 n.a. Alvarez et al. (1990) MCAV: Montastraea cavernosa, OFAV: Orbicella faveolata, SISID: Siderastrea siderea Data for los Roques Venezuela were calculated based on the frequency and sampling area by Alvarez et al. (1990) Hydrobiologia (2017) 790:299-310 307 summer upwelling events which increase the nutrient and plankton concentrations (Smith, 1982; Banks et al., 2008; Finkl & Makowski, 2013) . However, direct nutrient, plankton, and bacteria measurements are needed in southeast Florida to determine if increased food is driving this growth difference, and if it is proportionally greater on the outer reef. Cliona delitrix density and distribution on coral reefs varies in relation to the available substratum, which relates to the combined factors of coral density and cover. Similarly, other coral-excavating sponges of the genus Cliona, such as C. orientalis in the Great Barrier Reef, and C. tenuis and C. caribbaea in the Caribbean Sea tend to be abundant in areas with more available calcium carbonate as substratum, particularly coral, although their coral species preferences vary and thus their patterns (Schönberg, 2001; López-Victoria & Zea, 2005) . In relation to depth, C. delitrix distribution is not favored in shallow environments with high water movement, similar to C. caribbaea, but contrasting with C. orientalis and C. tenuis, which tend to be more abundant in shallow habitats affected by intense water flow (Schönberg, 2001; López-Victoria & Zea, 2005) .
In conclusion, on high latitude reefs, where both coral density and cover are lower than that of tropical reefs, the density of C. delitrix is also reduced. Substratum preferences of this sponge may vary by location according to coral species in the habitat, frequency of coral occurrence, and availability of live and dead substratum of coral species. In southeast Florida, outer reef sites (deepest habitat) with greater boulder coral density are most vulnerable to C. delitrix colonization and may continue to suffer the greatest impacts of coral bioerosion. However, predicted climate change scenarios (Wisshak et al., 2014; Enochs et al., 2015) may alter coral density and the availability of dead coral, thus affecting the distribution and substratum preferences of coral-excavating sponges in the future.
